Electrophysiological studies demonstrate that transient receptor potential vanilloid subtype 1 (TRPV1) is involved in neuronal transmission. Although it is expressed in the peripheral as well as the central nervous system, the questions remain whether TRPV1 is present in synaptic structures and whether it is involved in synaptic processes. In the present study we gathered evidence that TRPV1 can be detected in spines of cortical neurons, that it colocalizes with both pre-and postsynaptic proteins, and that it regulates spine morphology. Moreover, TRPV1 is also present in biochemically prepared synaptosomes endogenously. In F11 cells, a cell line derived from dorsal-root-ganglion neurons, TRPV1 is enriched in the tips of elongated filopodia and also at sites of cell-cell contact. In addition, we also detected TRPV1 in synaptic transport vesicles, and in transport packets within filopodia and neurites. Using FM4-64 dye, we demonstrate that recycling and/or fusion of these vesicles can be rapidly modulated by TRPV1 activation, leading to rapid reorganization of filopodial structure. These data suggest that TRPV1 is involved in processes such as neuronal network formation, synapse modulation and release of synaptic transmitters.
Introduction
Transient receptor potential vanilloid subtype 1 (TRPV1), alternatively known as capsaicin receptor, is a member of the TRP superfamily (Caterina et al., 1997) . It can be activated by different exogenous and endogenous ligands, and also by temperature (Caterina et al., 1997) . Although previously known to be expressed exclusively in the dorsal root ganglion (DRG) neurons, later studies revealed a widespread expression of TRPV1 in brain, albeit at a much lower levels (Tóth et al., 2005; Roberts et al., 2004; Starowicz et al., 2008) . Comparative immunohistochemical analyses of knockout and wild-type animals also confirmed that TRPV1 is present in the brain (Cristino et al., 2006) . Endogenous expression of TRPV1 in different parts of the brain, in the spinal cord and in peripheral nociceptive neurons (Steenland et al., 2006; Kauer and Gibson, 2009 ) have been interpreted as showing involvement of TRPV1 in cognition, pain perception and in neuropsychiatric disorders . Indeed, TRPV1 receptor in the central nervous system is a target for TRPV1-antagonist-mediated analgesia (Cui et al., 2006) . In addition, TRPV1 knockout mice have reduced anxiety and conditioned fear responses (Marsch et al., 2007) , reduced hippocampal long-term potentiation (LTP), and reduced long-term depression (LTD) (Gibson et al., 2008) . Moreover, pharmacological inhibition of TRPV1 is known to increase anxiety-like behaviors in rodents (Micale et al., 2009; Aguiar et al., 2009 ). On the basis of the finding that neurogenesis is significantly reduced in TRPV1 and cannabinoid receptor 1 (CB1) double-knockout animals (Cb1 -/-, Trpv1 -/-), it has been postulated that TRPV1 is involved in neurogenesis (Jin et al., 2004) .
Several studies have suggested that TRPV1 is involved in synaptic transmission, neurotransmitter release and plasticity (Kauer and Gibson, 2009; Maione et al., 2009; Li, H. B. et al., 2008; Marinelli et al., 2007; Starowicz et al., 2007b; Starowicz et al., 2008) . Involvement of TRPV1 in glutamatergic synaptic transmission has been documented for rat sensory neurons and also for the input into dorsolateral periaqueductal gray neurons (Sikand and Premkumar, 2007; Medvedeva et al., 2008; Xing and Li, 2007) . Similarly, activation of TRPV1 is necessary and sufficient to trigger LTD at glutamatergic synapses in the hippocampus and the developing superior colliculus (Gibson et al., 2008; Alter and Gereau, 2008; Maione et al., 2009) . Capsaicin has been shown to alter synaptic transmission in the rat medial preoptic nucleus, a hypothalamic area that regulates body temperature (Kauer and Gibson, 2009; Karlsson et al., 2005) . N-arachidonoyl-dopamine (NADA), an agonist for TRPV1, is known to modulate the presynaptic Ca 2+ levels and transmitter release in the hippocampus (Huang et al., 2002; Starowicz et al., 2007b; Tóth et al., 2009; Köfalvi et al., 2007) . Although all these reports support a function of TRPV1 at synapses, direct evidence for the presence of TRPV1 in synapses is lacking. It is also not clear whether TRPV1 is associated with presynaptic and/or postsynaptic structures. Moreover, the issues of TRPV1-mediated modulation of synaptic functions and transmission are poorly understood.
Previously, we reported that TRPV1 interacts with microtubules and regulates the function of growth cones by cytoskeletal reorganization (Goswami et al., 2004; Goswami et al., 2006; Goswami et al., 2007a; Goswami et al., 2007b (Goswami and Hucho, 2007) . Surprisingly, most of these filopodia contain elevated levels of TRPV1 at their tips and morphologically resemble elongated club-shaped spines. In the present study we demonstrate that TRPV1 is present in pre-and postsynaptic structures, and that it is transported to synaptic sites by synaptic transport packets. We also provide evidence that TRPV1 regulates filopodial dynamics and vesicle recycling, processes that are important for synaptogenesis.
Results

TRPV1 localizes to the spines of primary cortical neurons and is present in synaptic protein preparations
On the basis of our previous work (Goswami and Hucho, 2007) , we hypothesized the presence of TRPV1 in synapses. Primary cortical neurons were employed to test this hypothesis. Because the expression level of endogenous TRPV1 in these neurons was too low for immunocytochemical analysis, we expressed TRPV1 for 6 hours in cortical neurons and analyzed its localization. In spite of the short expression period, TRPV1 became enriched in distinct spots resembling synapses (Fig. 1A) . To test whether these puncta represent dendritic spines carrying synapses, we co-stained TRPV1 with endogenous pre-and postsynaptic markers. TRPV1 colocalizes with endogenous pre-and postsynaptic marker proteins, including the active-zone protein Bassoon and postsynaptic elements such as GluR2-containing AMPA receptors, NMDA receptors and PSD95 (Fig. 1A,B) . We also observed that TRPV1 colocalizes with ProSAP1 (also known as Shank2; a protein that is mainly present in the postsynaptic density) in distinct punctate spots (Fig. 1C) . We also noted that TRPV1 localizes in both MAP2a/b-positive as well as MAP2a/b-negative neurites (Fig. 1D) , indicating that TRPV1 is present in both the axon and dendritic structures. Altogether, these data indicate that TRPV1 colocalizes with both pre-and postsynaptic marker proteins in these structures, as visualized by confocal microscopy.
To verify that TRPV1 is associated with synaptic structures, we purified synaptic proteins from rat spinal cord, where expression of TRPV1 has been reported (Lewinter et al., 2004) . We tested individual protein fractions for the presence of TRPV1 and by immunoblot analysis we detected TRPV1 in rat spinal-cord homogenate, the crude membrane fraction, synaptosomal fraction and also in the synaptic junctional protein fraction (Fig. 1E ). TRPV1 immunoreactivity is enriched in the synaptic protein fractions and matched well with the molecular weight attributed to the monomeric TRPV1. Interestingly, we also observed immunoreactivities that matched with glycosylated ( Fig. 1E , smeary appearance in lane 3) and dimeric TRPV1 in synaptosomes and in synaptic junctions, respectively (Fig. 1E) . The purity of the fractions was further confirmed by probing the same fractions for PSD95 and synaptophysin (Fig. 1E) .
Activation of TRPV1 alters spine morphology in cortical neurons
Previously, we reported that activation of TRPV1 elongated filopodial structures in F11 cells (Goswami and Hucho, 2007 ). Therefore, we tested whether brief activation of TRPV1 can also alter the spine morphology in cortical neurons. To achieve this objective, neurons were treated with NADA (0.2 M, 3 minutes), an endogenous ligand of TRPV1 (Huang et al., 2002) . We observed that a large number of spines developed from TRPV1-expressing neurons were elongated ( Fig. 2A) . Spines from neurons that did not express TRPV1 did not display morphological changes upon NADA application. To confirm that the NADAinduced spine elongation is indeed due to TRPV1 activation, we preincubated cortical neurons with the TRPV1-specific inhibitor 5Ј-iodoresiniferatoxin (5ЈI-RTX; 1 M, 10 minutes) before applying NADA (0.2 M, 3 minutes). Neither elongation nor morphological alteration of spines was observed in TRPV1-expressing neurons (Fig. 2B) . We quantified and plotted the spine lengths in ascending order from neurons that express TRPV1 after the different drug treatments. A clear shift in the spine length after NADA treatment was observed when compared with the spines in control conditions or after NADA treatment in the presence of 5ЈI-RTX (Fig. 2C) . The spines from NADA-treated neurons were longer (average length 3.37 m, s.e.m. 0.16 m) than those in non-stimulated control neurons (average length 1.84 m, s.e.m. 0.1137 m) (Fig. 2D) . By contrast, spines from neurons that were pretreated with 5ЈI-RTX prior to NADA application were even shorter than the spines from non-stimulated control neurons (average length 1.28 m, s.e.m. 0.626 m). Interestingly, the significant (P~0.05) shortening of spines in this latter condition suggests that spontaneous tonic activation of TRPV1 might play a role in the regulation of spine length (discussed below). Our results suggest that activation of TRPV1 by NADA promotes spine elongation and that this can be blocked by 5ЈI-RTX.
TRPV1 and synaptic proteins are enriched at the tip of the elongated filopodial structures
Previously, we observed that the majority of the TRPV1-induced filopodial tips of F11 cells are club-shaped and therefore morphologically resemble the elongated dendritic spines developed from primary neurons (Goswami and Hucho, 2007) . We therefore explored whether these club-shaped filopodial structures might indeed constitute synaptic sites. For further experiments, we used F11 cells as a test system (Platika et al., 1985) . These cells reflect several properties of primary DRG neurons, but do not express TRPV1 endogenously. Thus, this cell line offers the possibility to study the effects of heterologously expressed TRPV1 on synaptogenesis.
As observed in our earlier experiments (Goswami and Hucho, 2007) , expression of TRPV1-GFP induced massive filopodia development. In the current study, even when using low expression levels of TRPV1-GFP, we observed fluorescence along neurites and enrichment at the tip of filopodial structures within 6 hours. By contrast, when overexpressing soluble mCherry, we failed to observe such an enrichment of mCherry in filopodial structures ( Fig. 3A ; supplementary material Fig. S1 ), indicating the specificity of the TRPV1-GFP enrichment at the filopodial tips.
Furthermore, we tested whether TRPV1-positive filopodial tips contain synaptic proteins. To this end we expressed Bassoon-GFP (a presynaptic marker) or PSD-Zip45-GFP and GFP-PSD95 (markers for postsynaptic side) along with TRPV1. All three markers were highly enriched in TRPV1-induced filopodial tips (Fig. 3B) , suggesting that TRPV1 accumulates in structures resembling both pre-and postsynapses. Previously, two presynaptic vesicular proteins, namely Snapin and synaptotagmin have been reported to interact with TRPV1 (Morenilla-Palao et al., 2004) . Therefore, we assessed whether synaptic-vesicle markers also colocalize with TRPV1. Indeed, both Snapin-GFP and synaptophysin-GFP were found to colocalize with TRPV1 in filopodial tips (Fig. 3B) . The tips of spines as well as presynaptic terminals contain endocytic zones at which clathrin-mediated endocytosis takes place (Blanpied et al., 2002; Gundelfinger et al., 2003) . Thus, we coexpressed TRPV1 and clathrin-GFP in F11 cells, which revealed that both recombinant proteins colocalize in filopodial tips (Fig. 3B) . These results indicate that TRPV1-induced filopodial tips contain synaptic scaffold and vesicular proteins, suggesting that these tips can act as synaptic terminals.
To confirm that localization of TRPV1-GFP in filopodia is an active process, we performed fluorescence recovery after photobleaching (FRAP) experiments. We observed that TRPV1-GFP fluorescence recovers rapidly (within 3 minutes) in filopodia. Within individual filopodia, we noted both anterograde (Fig. 3C) 2047 TRPV1 in the synaptic structure and retrograde (not shown) movements of TRPV1-GFP in discrete packets after photobleaching, suggesting that TRPV1-GFP localization within filopodia is not due to passive diffusion within the membrane. Taken together, these results indicate that the enrichment of TRPV1 at the filopodial tips is specific and most probably is an active process.
TRPV1-enriched filopodial tips at sites of cell-cell contact contain synaptic proteins
Filopodia can establish cell-cell contacts that can either mature and become consolidated or can disappear again. Previously, we reported that TRPV1-enriched filopodial structures are found at established cell-cell contacts (Goswami and Hucho, 2007) . To test whether these filopodia-based cell-cell contacts can contain synaptic marker proteins and TRPV1, we coexpressed TRPV1 with postsynaptic, presynaptic and synaptic vesicular proteins in F11 cells. Reconstructed three-dimensional (3D) images of these filopodia confirmed that cell-contact-forming filopodial tips contained TRPV1 as well as the postsynaptic proteins GFP-PSD95, PSD-Zip45-GFP or the presynaptic protein Bassoon-GFP (Fig. 4) . Moreover, clathrin-GFP, Snapin-GFP, synaptophysin-GFP and synapsin-GFP were present at these contacts (Fig. 4) , suggesting that filopodial tips can form consolidated synapselike structures.
TRPV1 is transported to neurite endings and at filopodial bases by transport packets
If TRPV1 is a synaptic protein, then it will be transported within neurites by transport packets. We observed that, apart from some diffuse staining, TRPV1-GFP mainly appears as distinct puncta all along the neurites. These fluorescent structures containing TRPV1-GFP were variable in size and shape and were much larger than common transport vesicles. Therefore, we explored whether these structures represent the 'synaptic transport packets ' (Ahmari et al., 2000) , which are characterized by the presence of synaptic proteins as they transport synaptic components to their site of destination. To test this hypothesis, we expressed TRPV1 along with the synaptic-vesicle protein Snapin-GFP and performed immunostaining. We observed that TRPV1 and Snapin-GFP colocalize in punctate spots within long neurites (Fig. 5A ). Similar co-distribution of postsynaptic scaffold proteins such as GFP-PSD95 or PSD-Zip45-GFP along with TRPV1 was also observed in such punctate spots (data not shown).
Because transport packets are mobile within neurites, we tested whether these TRPV1-GFP-containing spots are also mobile. To achieve these objectives, we coexpressed TRPV1-GFP and synaptophysin-mCherry in F11 cells and performed live-cell imaging (Fig. 5B ). TRPV1-GFP colocalizes with synaptophysinmCherry in neurites as distinct punctate spots. These spots also move fast and travel a long distance at a stretch. It was observed that these spots can move in both directions along neurites. The comigration of TRPV1-GFP and synaptophysin-mCherry within the neurite corroborates the notion that these structures are indeed transport packets (Fig. 5B) . Remarkably, these transport packets were frequently located at the base of short filopodia (Fig. 5C ). There, they were observed to be stationary for several minutes to hours, especially the bigger units (~0.5 m), which remained stable and static (either did not move at all or moved very little in both the directions). However, if moving and in close proximity to each other, then these bigger units often fused. For the movement of TRPV1-positive units, we determined a maximum velocity of 0.45 m/second.
TRPV1-expressing cells reveal fast uptake of FM4-64 dye
Several reports suggest that agonists of TRPV1 stimulate neurotransmitter release (Li and Eisenach, 2001; Schmid et al., 1998; Xing and Li, 2007; Sikand and Premkumar, 2007; Medvedeva et al., 2008; Gibson et al., 2008; Alter and Gereau, 2008; Marinelli et al., 2007; Starowicz et al., 2007a) . It is a well known fact that neurotransmitter release is associated with vesicle recycling. Therefore, we studied uptake of FM4-64 dye at TRPV1-positive sites.
We decided to test whether TRPV1-GFP-expressing F11 cells can incorporate the dye. Indeed, the uptake of FM4-64 dye was very fast. If used at the normally reported concentration of 0.1 g/ml of final dye solution, the cells showed almost instant loading (often within 30 seconds). However, also after lowering the dye concentration to as low as 0.5 ng/ml, loading of FM4-64 in TRPV1-GFP-expressing populations was observed within a few (1-2) minutes (supplementary material Fig. S2A ). At this concentration, mock-transfected control cells showed nearly no incorporation (supplementary material Fig. S2B ).
FM4-64 is a lipophilic dye and the fast incorporation of this dye even in the absence of Ca 2+ was quite unexpected. Therefore, we tested the specificity of the uptake. If the uptake is specific and actively driven it would have been possible to block this dye 2048 Journal of Cell Science 123 (12) uptake by pharmacological manipulation of the actin cytoskeleton, which plays an important role in membrane trafficking processes (Gundelfinger et al., 2003; Girao et al., 2008) . Therefore, we explored whether disruption of the actin cytoskeleton can block uptake of the FM4-64 dye. Loading of FM4-64 was reduced upon pre-treatment of TRPV1-GFP-expressing F11 cells with cytochalasin D (supplementary material Fig. S3A ), indicating that the uptake was indeed actin dependent. To further confirm the specificity, we monitored dye uptake at lower temperatures, which also blocks active endocytosis and therefore interferes with dye uptake. When added to TRPV1-GFP-expressing F11 cells at 4°C, the uptake of FM4-64 was almost undetectable (supplementary material Fig. S3B ). Fluorescence-activated cell sorting (FACS) measurements were employed to quantify the effects. As shown in Fig. 6 , a clear shift in FM4-64 uptake was observed in unstimulated TRPV1-GFP-expressing F11 cells when compared with the F11 cells that were either non-transfected or express GFP only. TRPV1-GFP-expressing cells incorporated 2.35-fold (P0.0001) or 1.69-fold (P0.00053) more FM4-64 as compared with F11 populations that were either non-transfected or expressed only GFP, respectively (Fig. 6B) . Similarly, TRPV1-GFP-expressing cells showed a significant reduction (0.33-fold, P0.0004) of dye uptake if these cells were treated with cytochalasin D. Cold treatment of TRPV1-GFP-expressing F11 cells also resulted in a 0.48-fold reduction (P0.0014) in dye uptake as compared with unstimulated TRPV1-GFP cells. These cold-treated cells did not show a significant difference in comparison with the non-transfected cells (0.22-fold increase, P0.2259). Uptake of FM4-64 dye varies in different other conditions also (supplementary material Fig. S4 ). From these results we conclude that the fast and differential uptake of FM4-64 dye in TRPV1-expressing cells reflects an active endocytotic process that is much enhanced by the presence of TRPV1.
TRPV1-transfected F11 cells take up FM4-64 at distinct sites enriched for TRPV1
In this study we also tried to identify the subcellular site of FM4-64 uptake in TRPV1-transfected F11 cells. Specific and rapid labeling (within 1-2 minutes) with FM4-64 was observed as distinct spots along neurites (Fig. 6C ). Often these spots also contained TRPV1-GFP and appeared as donut-like structures resembling the topology of synaptic-vesicle clusters (see Discussion). These spots were mostly juxtaposed to the base of small filopodia and were clearly visible as distinct bright spots (Fig. 6C ). In addition, FM4-64 loading was observed at elongated filopodia (Fig. 6D) . We also explored whether the club-shaped filopodial tips can incorporate this dye. Indeed, a few (but not all) TRPV1-GFP-induced club-shaped filopodial tips contained FM4-64 ( Fig. 6E; supplementary material Fig. S5A ). Specific FM4-64 labeling was also observed at some areas of the cell body and growth cones (data not shown). The fast labeling of FM4-64 to limited cellular regions suggests that these specific structures harbor fast-recycling vesicles. 2049 TRPV1 in the synaptic structure 
TRPV1-activation-mediated filopodial elongation is due to rapid vesicle fusion
We demonstrated that NADA treatment resulted in a quick increase in spine length of cortical neurons (Fig. 2) . Elongation of spines requires a rapid supply of lipid membranes. Therefore, we hypothesized that filopodial elongation by TRPV1 activation should be accompanied by rapid vesicle fusion delivering membrane components. To test this hypothesis we applied NADA to TRPV1-GFP-expressing F11 cells. This treatment caused an initial reduction in FM4-64 intensity and resulted in the formation and/or elongation of filopodia soon after (Fig. 7A) . We also observed that the membrane area at the filopodial bases increased over time after TRPV1 activation, especially during the filopodia-elongation phase (Fig. 7B, upper images) . This increased membranous region contained TRPV1-GFP and was labeled with FM4-64 dye during and after the filopodia-elongation phase (Fig. 7B, lower images) . Taken together, these results suggest that TRPV1 activation induces rapid vesicle fusion at the filopodial base and results in the elongation of filopodia.
TRPV1 activation results in exocytosis
During this study we often observed that addition of Ca 2+ (1 mM) to the Hanks' balanced salt solution (HBSS) buffer resulted in rapid loss of FM4-64 staining (supplementary material Fig. S4A ). Thus, we hypothesized that Ca 2+ influx through TRPV1 (e.g. activation of TRPV1) might result in exocytosis, i.e. unloading of FM4-64. To test this hypothesis, we first added NADA for 4 minutes to TRPV1-GFP-expressing F11 cells in the presence of Ca 2+ and then added FM4-64 dye. Just after addition of the dye, cells expressing TRPV1-GFP incorporated FM4-64 dye to a much lower extent than nearby cells that were either not transfected or contained trace amounts of TRPV1-GFP (supplementary material Fig. S4B ). Moreover, TRPV1-GFP-positive cells showed a rapid loss of FM4-64, even in continuous presence of FM4-64 in the bath solution; after a few minutes virtually no staining remained in these TRPV1-GFP-positive cells. By contrast, TRPV1-GFPnegative cells remained strongly stained. Because, in the absence of agonists, TRPV1-transfected cells displayed enhanced endocytotic activity, we therefore conclude from these data that TRPV1 activation shifts membrane cycling towards exocytosis.
PKC-dependent exocytosis was described as a mode of potentiation of TRPV1 (Morenilla-Palao et al., 2004; Mandadi et al., 2006) . Therefore, we speculated that PKC activation should induce unloading of FM4-64 dye in TRPV1-GFP-expressing F11 cells. Indeed, upon addition of phorbol 12-myristate 13-acetate (PMA; activator of PKCs), we observed fast FM4-64 loading in TRPV1-GFP-enriched neurites, but the intensity of FM4-64 signal at these structures decayed quickly (within 1-2 minutes) even in the continuous presence of dye in the bath (supplementary material Fig. S4B ). This suggested a rapid exocytosis in response to PMA treatment either by PKC activation or by activating other phorbolester-sensitive processes, e.g. the activation of the priming factor Munc13 (Rhee et al., 2002) .
To confirm these observations quantitatively, we compared FM4-64 uptake in unstimulated and stimulated TRPV1-GFPexpressing F11 populations by FACS measurements. We observed a clear reduction of FM4-64 quantity when TRPV1-GFPexpressing cells were stimulated with NADA or PMA (Fig. 7C) ; both NADA and PMA treatment resulted in significant reduction (0.46-fold, P0.00015 and 0.44-fold, P0.00014, respectively) as compared with the unstimulated TRPV1-GFP populations (Fig.  7D) . These results indicate that TRPV1 activation indeed induces exocytosis.
Discussion
In this study we demonstrate the physical presence of TRPV1 in synaptic structures, such as in the spines of primary neurons and in biochemically prepared synaptosomes. Similarly, in DRGneuron-derived F11 cells, TRPV1 physically colocalized with synaptic markers at filopodial tips. On the basis of structure, 2051 TRPV1 in the synaptic structure molecular composition and function, our work indicate that these filopodial structures resemble 'synapses' or 'hemisynapses' because they contain clusters of receptors associated with signaling and scaffolding molecules as well as with release-competent synaptic vesicles (Craig et al., 2006) . These structures contain postsynaptic as well as presynaptic markers. Finally, we showed that TRPV1 is involved in the regulation of membrane-recycling events such as endocytosis and exocytosis.
It has been shown previously that members of the TRPC family interact with synaptic proteins, are present in synaptic structures and are involved in neuronal network formation (Goel et al., 2002; Singh et al., 2004; Gomez, 2005; Li et al., 2005; Montell, 2004; Shim et al., 2005; Wang and Poo, 2005) . Also, TRPM7 and TRPV4 have been detected in small synaptic-like vesicles and in spines (Brauchi et al., 2008; Shibasaki et al., 2007) . Our data, together with accumulating reports of TRPV5, indicate a more general role for TRPV channels in vesicle fusion (Lambers et al., 2007) .
But is TRPV1 also involved in the process of neuronal network formation? Our data and other reports suggest several cases where TRPV1 can be involved in network formation. TRPV1 is expressed throughout the period of establishment and fine-tuning of neuronal connections, even at early embryonic stages when there is no synaptogenesis (Hjerling-Leffler et al., 2007; Funakoshi et al., 2006; Goswami et al., 2007b) . Ectopic expression of TRPV1 results in increased neuritogenesis and a large extent of filopodia production (Goswami and Hucho, 2007) . Furthermore, TRPV1 regulates the morphology and motility of neuronal growth cones (Goswami et al., 2007b; Goswami and Hucho, 2008) . Activation of TRPV1 results in the retraction of growth cones and formation of varicosities (Goswami et al., 2007b) , bulge-like structures along neuronal axons where synaptic vesicles, mitochondria and ER accumulate (Pannese, 1994) . These varicosities are able to form synaptic contacts when touching other cells or neurites (Pannese, 1994) . They can also play a role in non-synaptic communication by releasing neurotransmitters directly (Zhu et al., 1986; Vizi et al., 2004) . In addition, several endogenous substances, such as endocanabinoids, anandamide and other lipid derivatives, act on TRPV1 and have well-established roles in modulation of neuronal 2052 Journal of Cell Science 123 (12) hardwiring and synaptic functions (Berghuis et al., 2007; .
If TRPV channels are involved in the processes of neuronal wiring and communication, disruption of a TRPV gene should results in distinct neurological phenotypes. Indeed, there are several indications for this. TRPV1 knockout mice reveal changes in behavior and LTD (Marsch et al., 2007; Gibson et al., 2008; Kauer and Gibson, 2009) . In humans, a mutation has been described potentially affecting TRPV1 and/or TRPV3 through a de novo balanced chromosomal translocation (Walter et al., 2004) . Clinical features of this mutation include an increased head size, severe speech and vision defects, and mental retardation (MR), a phenotype potentially caused by deficits in neuronal development. One recurrent theme in MR includes problems of neuronal connectivity, in particular a reduction in the number of and increased length of dendritic spines (Newey et al., 2005) . Our data suggesting that TRPV1 plays a role in the development of neuritic protrusions such as spines and varicosities would be consistent with such a morphological phenotype.
Despite accumulating evidence for a role of TRPV1 in synaptic function, its presence in synaptic structures has not been shown so far. Beyond its mere presence we now demonstrate that TRPV1 shares remarkable features with proteins that are involved in synaptic processes, both in terms of distribution as well as dynamic behavior. Within neurites, TRPV1 is present in large accumulations, which are mostly immobile but move at times. These properties fit well to the mode of transport of synaptic proteins by 'transport packets' (Sabo et al., 2006) . Recently it has been demonstrated that the pause sites of these transport packets are predefined, mostly at the sites of the potential synapse formation (Sabo et al., 2006) . These transport packets are present in filopodia and in areas that are involved in spine formation (Ahmari et al., 2000; Nakata et al., 1998; Marrs et al., 2001; Matus, 2001; Sabo and McAllister, 2003; Okabe et al., 1999; Roos and Kelly, 2000) . These units are defined by the presence of synaptic marker proteins (Greka et al., 2003; Morenilla-Palao et al., 2004; Singh et al., 2004) . In agreement with the above observation, we now provide evidence that, within the neurites and filopodia, TRPV1 colocalizes with several synaptic proteins. It also co-migrates with synaptophysin. Immobile transport packets containing TRPV1-GFP and synaptophysin are mostly present at the inner surface of the neurites and also at filopodial bases. Another important property of transport packets is the presence of both endocytotic and exocytotic markers (Sabo et al., 2006) . Indeed, we also provide evidence that extensive membrane recycling occurs at TRPV1-containing structures, as indicated by fast FM4-64 loading and unloading; this finding is supported by the recently reported interaction with synaptic vesicular proteins, namely with synaptotagmin IX and Snapin (Morenilla-Palao et al., 2004) .
On the basis of the FM4-64 labeling in living cells, we showed that the filopodia of TRPV1-expressing cells can behave similar to active zones. Presence of FM4-64 was visible at the base and all along the stalk of the filopodia, indicating the presence of fast recycling vesicles there. In some cases we even detected multiple transport packets loaded with FM4-64 within the TRPV1-positive filopodial shaft (supplementary material Fig. S5A ). This observation is in accordance with the organization of the endocytotic machinery lateral to the actual synapse in dendritic spines as reported earlier (Racz et al., 2004) . At the filopodial bases, the FM4-64-labelled TRPV1-GFP-containing structures mostly appeared as donut-like units. The shape, size (around 1 m in diameter) and properties of these units resemble clusters of synaptic vesicles in other systems (Wimmer et al, 2006; Kittel et al., 2006) . For example, labeling of FM1-43 dye in these structures is similar to that in the donut-like units at the Drosophila neuromuscular junction (Verstreken et al., 2008) , which contain fast-recycling vesicles (Kittel et al., 2006; Atwood, 2006; Banting et al., 1998; Wimmer et al. 2006) . However, unlike these donut-like units or elongating filopodial shaft, many of the club-shaped filopodial structures generally showed no labeling at the resting stage, and presence of FM4-64 at the tip was rare. The reason for this is not clear. It might be due to the lack of considerable amount of polymerized actin there (Goswami and Hucho, 2007) , which is essential for vesicle recycling (Girao et al., 2008) .
From our study it is not clear whether a direct correlation exists between the levels of FM4-64 uptake and TRPV1-GFP expression. Our FACS analysis indicates that individual cells belonging to the TRPV1-GFP-expressing population showed a mixed phenotype, i.e. very high to very low level of FM4-64 uptake. Generally, cells expressing a higher level of TRPV1-GFP took up less FM4-64 (supplementary material Fig. S6 ). Our microscopic studies also revealed that cells that were either non-transfected or expressed low amounts of TRPV1-GFP took up more FM4-64 than nearby cells that expressed high levels of TRPV1-GFP. It is not clear how TRPV1-GFP actually controls cellular uptake and release of FM4-64 in a cell population. It is possible that TRPV1 influences trafficking of exo-and endocytic vesicles, which might regulate the release of neuro-active substances. Such released substances might induce paracrine signaling to non-transfected cells present in the same population and thus might influence their FM4-64 uptake. Another possibility is that the presence of TRPV1 at low levels accompanied by 'spontaneous tonic activation' increases the basal Ca 2+ levels. This 'spontaneous tonic activation' might stimulate the bulk endocytosis, a process that also involved in maintaining the filopodial length and spine morphology. In this regard, recent reports that demonstrate that antagonists of TRPV1, such as 5ЈI-RTX, produce opposite effects, indicating that tonic activation of TRPV1 in central neurons is functionally important, are of interest (Marinelli et al., 2008; Starowicz et al., 2007a; Maione et al., 2009) .
Whereas neuronal loading of FM4-64 by classical methods is slow and needs stimulation, the uptake of FM4-64 in TRPV1-GFP-expressing F11 cells is very fast and is activity independent. However, the uptake is sensitive to disruption of the actin cytoskeleton or blockade of membrane cycling by exposure to low temperature. These results are in concordance with a recent report demonstrating that neuronal growth cones incorporate FM4-64 within 1 minute and this uptake is sensitive to disruption of the actin cytoskeleton and low temperature (Bonanomi et al., 2008) . Similarly, fast and activity-independent uptake of FM4-64 has been reported for cortical astrocytes (Li, D. et al., 2008) . We also show that activation of phorbol-ester targets such as PKCs and/or Munc13 result in fast decay of the FM4-64 signal, even in presence of dye in the bath solution. It indicates that activation by PMA induces rapid exocytosis. This observation agrees with the fact that PKCs activate and/or re-sensitize TRPV1 by recruiting more functional TRPV1 into the membrane (Mandadi et al., 2006; Morenilla-Palao et al., 2004) . Moreover, it also agrees with the previous observations that TRPV1 activation leads to the release of different neurotransmitters, often in a PKC-dependent manner (Li and Eisenach, 2001; Schmid et al., 1998; Schicho et al., 2005; Bernardini et al., 2004; Morenilla-Palao et al., 2004; Marinelli et al., 2007; Starowicz et al., 2007a) . In this regard, TRPV1 activation might promote vesicle fusion by inducing direct Ca 2+ influx. Alternatively, TRPV1 might act directly on the priming apparatus for synaptic-vesicle fusion, which is also a phorbol-ester-dependent event (Rhee et al., 2002) .
Vesicular release and re-uptake are important features of functional synapses. Recent data suggested that TRP channels are involved in vesicle recycling. In PC12 cells, fusion of small synaptic-like vesicles is regulated by TRPM7 (Brauchi et al., 2008) . Similarly, TRPV1-expressing F11 cells can rapidly incorporate FM4-64 at most of their filopodial structures, suggesting the presence of recyclable vesicles. Moreover, fast elongation of filopodial structures indicates intra-filopodial vesicle transport and fusion to supply lipids for the enlarging plasma membrane. On the basis of colocalization with synaptic and vesicular proteins, livecell imaging of TRPV1-GFP with synaptophysin-mCherry, and loading-unloading experiments with FM4-64 dye, we propose that TRPV1 modulates synaptogenesis (Fig. 8) and/or synaptic maturation. TRPV1 colocalizes with immobile synaptic and recycling vesicles within neurites, which mostly act as putative synaptic sites. We propose that, owing to TRPV1 activation, more of these recyclable vesicles traffic into the filopodial shaft from the filopodial bases and some of them fuse with the filopodial membrane. In agreement with this hypothesis, we observed comigration of TRPV1-GFP with synaptophysin-mCherry within the filopodia, especially during the elongation phase after NADA treatment (supplementary material Fig. S5B ). These results are in agreement with the fact that filopodia are preferentially extended from synapses containing clusters of synaptic proteins (Panzer et al., 2006) and also with a report that NADA induces transmitter release (Marinelli et al., 2007) .
It is intriguing to know why an FM4-64 signal all along the filopodial length is maintained long after NADA treatment. It is possible that some FM4-64 dye becomes trapped non-specifically within the filopodial membrane to sustain the signal. Involvement of enzymes regulating endovanilloid metabolism, secondary metabolites of NADA and other receptors might also contribute to the FM4-64 uptake in these structures in a more complex manner. For example, the presence of enzymes controlling endovanilloid biosynthesis and/or degradation is known to vary in different parts of the brain and subtype of the neurons, as well as in different compartments of neurons (Cristino et al., 2008) . Moreover, secondary metabolites of NADA are known to affect TRPV1 (Rimmerman et al., 2009) . Because NADA is known to activate also the CB1 receptor (although at much higher concentrations) (Sagar et al., 2004; Bisogno et al., 2000) , involvement of CB1 in some of these NADA-mediated effects cannot be ruled out completely.
Several electrophysiological studies have demonstrated an effect of TRPV1 in synaptic transmission. Nevertheless, from these studies it is still not clear whether TRPV1 is present in pre-or postsynaptic areas. Presence of TRPV1-like immunoreactivity has been detected at the photoreceptor synaptic ribbons of goldfish and zebrafish retinas, suggesting a presynaptic localization of TRPV1 (Zimov and Yazulla. 2004) . In this study we demonstrated that TRPV1-positive filopodia were present at sites of cell-cell contact as visualized by confocal microscopic images. Although we have not studied these contact sites at the ultrastructural level, we show that the filopodial tips at the contact sites contain presynaptic, as well as postsynaptic and synaptic vesicular proteins, indicating that such structures can potentially develop into either pre-or postsynaptic units. We observed that, in cortical neurons, TRPV1 is present in both MAP2-and Tau-positive neurites (data not shown). These observations are in high accord with previous reports indicating that functional TRPV1 is present in both pre-and postsynaptic regions (Valtschanoff et al., 2001; Doyle et al., 2002; Cristino et al., 2006) . Our results also fit with a previous report that TRPV1 colocalizes with endovanilloid regulatory enzymes at preand post-synaptic regions, especially in the hippocampus and the cerebellum (Cristino et al., 2008) . What determines the differentiation of TRPV1-containing filopodia to be pre-or postsynaptic identities remains as an intriguing question. Mobile (indicated by a dashed arrow) transport packets containing TRPV1 pause at the inner surface of neurites (stage 1) and these packets have recycling vesicles (indicated by blue arrows). Addition of FM4-64 thus quickly labels these donut-like fastrecycling vesicles (stages 2 and 3). The vesicles fuse at the base of the filopodial structure and all along the filopodial stalk upon activation of TRPV1 (stage 4). Rapid vesicle fusion leads to the elongation of filopodial structures and often ballooning (indicated by bi-directional yellow arrows) of the filopodial base (stage 5). Chemical signaling and/or contacts might stabilize some of these filopodia, resulting in maturation of these structures that allows them to either differentiate as postsynaptic (stage 6) or presynaptic entities (stage 7).
Materials and Methods
Reagents and antibodies
Affinity-purified rabbit polyclonal antibodies against TRPV1 were purchased from Alomone (Jerusalem, Israel) and Affinity BioReagents (Golden, CO). Mouse monoclonal anti-PSD95 (Stressgen), anti-GluR2 (Chemicon), anti-NMDA-receptor-2B (Affinity BioReagents, Clone NR2B), anti-synaptophysin (Stressgen), anti-MAP2 (Sigma-Aldrich) and anti-Bassoon (Synaptic System) antibodies were purchased from the above-mentioned sources, respectively. Alexa-Fluor-594-labelled anti-rabbit secondary IgG, Alexa-Fluor-488-labelled anti-rabbit secondary IgG, Alexa-Fluor-488-labelled anti-mouse secondary IgG, Alexa-Fluor-488-labelled phalloidin and the FM4-64 dye were purchased from Molecular Probes (Invitrogen, Karlsruhe, Germany). The antiserum against ProSAP1 was described before (Boeckers et al., 1999) . HBSS buffer without Mg 2+ and Ca 2+ was purchased from GIBCO. NADA, 5Ј I-RTX and PMA were purchased from Sigma Aldrich (Deisenhofen, Germany).
Constructs
Expression of TRPV1 and TRPV1-GFP constructs were conducted as described previously (Goswami et al., 2004; Goswami et al., 2007b) . For expression of clathrin light chain (NM_001080385) tagged with GFP, the coding region was amplified by PCR (FP 5Ј-ATAGATCTATGGCCGAGTTGGATCC-3Ј, RP 5Ј-TAGTC GA -CTCAGTGCACCAGGGG-3Ј) from the mouse brain cDNA library (Invitrogen, Karlsruhe, Germany). The amplified cDNA fragment was inserted into the BglII and SalI restriction sites of pEGFP-C1 vector (Clontech). GFP-PSD95 construct (prepared at David Bredt's laboratory, UCSF, CA) (Qin et al., 2001 ), PSD-Zip45-GFP (Okabe et al., 2001) 
Cell culture and transfection
F11 cells were cultured in Ham's F12 medium (Invitrogen, Karlsruhe, Germany) supplemented with 20% fetal calf serum (FCS; Invitrogen, Karlsruhe, Germany) and glutamate. Cells were maintained in a humidified atmosphere at 5% CO 2 and 37°C. For transient transfection, Lipofectamine with PLUS Reagent (Invitrogen, Karlsruhe, Germany) was used according to the manufacturer's instructions. Serum-free Opti-MEM media (Invitrogen) were used for transfection.
Primary neuronal culture
Primary cortical neurons were isolated as described previously (Brewer et al., 1993) . Briefly, cortices were isolated from mouse brains (NMRI strain) on embryonic day 14 (E14), pooled and mechanically dissociated into a single-cell suspension in Neurobasal media (Invitrogen) supplemented with B27 (2%; Invitrogen) and 500 M glutamine (Lonza). Subsequently, the cells were plated on poly-D-lysine- (Sigma) and laminin (Invitrogen)-coated glass coverslips in 12-well plates at a density of approximately 1ϫ10 5 cells per well. For transient expression, primary cortical neurons were transfected at day 7 after plating in vitro with 1 g DNA and 2 l Lipofectamine 2000 (Invitrogen) per well (of 12-well plate) and subsequently fixed with 2% PFA.
Subcellular fractionation
Subcellular fractions (from six adult rat spinal cords) were prepared as described before for rat brain tissue (Wyneken et al., 2001) . In brief, spinal-cord tissue was homogenized in buffer containing 5 mM HEPES, 320 mM sucrose and pH 7.4, with a Potter S (B. Braun, Melsungen, Germany) by 12 strokes at 1000 g. Nuclei and cell debris were spun down at 1000 g for 10 minutes. The postnuclear supernatant was then centrifuged at 12,000 g resulting in a crude membrane fraction in the pellet. This pellet was resuspended and loaded on a sucrose density gradient with the following steps: 0.85 M, 1.0 M, 1.2 M. After centrifugation for 2 hours at 75,000 g, synaptosomes were harvested at the 1.0/1.2 M interface. Synaptosomes were exposed to hypo-osmotic shock and the resulting membranes were spun down at 32,000 g, resuspended and separated using another sucrose-gradient centrifugation under the same conditions as above. Synaptic junctions were harvested at the 1.0 M/1.2 M interface. Protein content was determined using a BCA assay (Pierce/Thermo).
Immunoblot
To perform immunoblot analysis, approximately 25 g protein were loaded in each lane and further separated by SDS-PAGE (10%), then transferred to a PVDF membrane (Millipore) by semidry electroblotting. The membranes were blocked with 5% non-fat milk in TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween-20) buffer followed by incubation with the primary antibodies overnight at 4°C. Horseradishperoxidase-conjugated secondary antibodies (GE Healthcare/Amersham Biosciences, Freiburg, Germany) and the ECL detection system (Pierce and GE Healthcare/ Amersham Biosciences, Freiburg, Germany) were used for the visualization of the immunoreactivity.
Immunocytochemistry and live-cell imaging
For immunocytochemical analysis, cells were fixed with 2% PFA for 5 minutes if not mentioned otherwise. To avoid morphological changes due to PBS wash, in some experiments an equal volume of 4% PFA was carefully added to the medium without disturbing the cell culture. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, quenched with 2% glycine in PBS and blocked with 5% normal goat serum. All primary antibodies were used at 1:1000 dilution and were incubated for 1 hour at room temperature in PBST buffer (PBS with 0.1% Tween 20). All images were taken on a confocal laser-scanning microscope (Zeiss LSM Meta 100 M) with a 63ϫ objective and analyzed with the Zeiss LSM imageexaminer software. For live-cell imaging, cells grown on a glass coverslip were taken in the live-cell chamber and imaged at room temperature (25°C).
Labeling of FM4-64
FM4-64 dye was used to label fast recycling vesicles (Gaffield and Betz, 2006) . For more stringency, we used HBSS buffer without Ca 2+ or Mg
2+
, and FM4-64 (0.1 g/ml) if not mentioned otherwise. Cells grown on a glass coverslip were taken in a chamber with HBSS buffer (1 ml). Dead cells and cellular debris were generally excluded from the view field as these give strong background due to the lipophilic nature of the dye. Dye dissolved in HBSS buffer (50 l) was added to the cell chamber manually.
F11 cells expressing TRPV1-GFP were treated for dye-loading and/or -unloading experiments. Cells were activated by NADA (0.2 M) to the cell chamber during the time-series imaging. In other experiments, PMA (1 M) was added after 1-2 minutes of FM4-64 application. The unloading experiments were done in HBSS bath containing FM4-64 dye.
Measurement of FM4-64 uptake
Cells expressing either TRPV1-GFP or only GFP, or remaining non-transfected, were subjected to FM4-64 incorporation. The cells (in a six-well plate) were washed with 1 ml HBSS buffer (Ca 2+ -free) and were incubated with the same buffer containing NADA (1 M, 3 minutes), cytochalasin D (1 M, 30 minutes) and PMA (1 M, 3 minutes) before adding FM4-64. In some treatments, cells were treated with ice-cold HBSS buffer for 20 minutes before adding FM4-64. Finally, FM4-64 was added at a final concentration of 0.05 g/ml. Cells were allowed to label with the dye for only 2 minutes. Cells were metabolically fixed by adding NaN 3 (final concentration 0.2% w/v). All cells were collected by trypsination and further addition of FCS (final concentration 5%) blocked the trypsin effect. The total cell suspension was centrifuged at 1000 g for 2 minutes. The cell pellet was gently resuspended in 100 l of HBSS buffer and measured by FACS for their FM4-64 dye content. Origin 6 software was used for all quantification and statistical analysis (independent Student's t-test, two populations, significance level 0.05).
Quantification of the spine length
Images of cortical neurons immunostained for TRPV1 and actin were captured by confocal microscopy. 3D images were reconstructed from the z-section images. Each spine was marked manually by using the LSM software (Zeiss, Germany). The spines that were too small or ambiguous were not considered. The amount of FM4-64 uptake is represented in arbitrary units. Graphs and statistical information were obtained using Microsoft XL and GraphPad Prism 4 softwares.
